where is the phenotypic trait of individual i, is the incidence value for the ith phenotype in 126 the qth level of systematic environmental effects, is the fixed effect of the qth systemic 127 environmental effect on the trait, = ( 1 , … , ) is the number of A alleles (i.e., ∈ {0,1, 2}) produce better inferences [23] . Ignoring effects that reveal genetic relatedness inflates the residual 138 terms and compromises the ability to detect association. A random effect , including a covariance 139 matrix reflecting pairwise similarities between additive genetic effects of individuals, can be 140 included to control population stratification. The similarity metrics can be derived from pedigree 141 information or from whole-genome marker genotypes. This model, extended for analysis of traits, 142 is given by: 
where is an × matrix of centered SNP genotypes and and = 1 − are the allele 161 frequencies at marker locus . We evaluated both A and G in the present study. where C is the set of phenotypic traits that directly affect the trait , is a structural coefficient 176 representing the effect of trait m on trait l, and ~(0, 2 ) is the polygenic effect of the th trait.
177
The remaining terms are as presented earlier with one important difference: the SNP effects are not interpreted as overall effects on trait but instead represent direct effects on trait . Additional 179 indirect effects from the same SNP may be mediated by phenotypic traits in C. Each marker is 180 entered into equation (4) Note that only a small number of the entries in the structural coefficient matrix ( in equation 5) 247 are nonzero due to sparsity. These nonzero entries specify the effect of one phenotype on other We examined the fit of each model implemented to assess how well it describes the data (Table 1) . and BIC values. Since these results imply that the recursive model and standard mixed model for analysis will be on the modeling of SNP (or QTL) effects in the SEM context as an extension of 266 MTM, which accounts for recursive links among the three measured traits. Also shown in Table 2 are the magnitudes of the SEM structural coefficient reflecting the intensity 277 of the causality. The positive coefficient 21 quantifies the (direct) causal effect of BM on BW.
278
This suggests that a 1-unit increase in BM results in a 21 -unit increase in BW. Likewise, the 279 negative causal effects 31 and 32 offer the same interpretation.
280
Decomposition of SNP effect paths using a fully recursive model 281 We can decompose SNP effects into direct and indirect effects using Figure 2 . The direct effect of 282 the SNP on 3 (HHP) is given by (Figures 1 and 2) . For instance, the overall SNP effect for 3 into four direct and indirect paths is 296 ̂→ 3 : 32 21̂( 1) + 32̂( 1) + 31̂( 1) +̂( 3) .
297
The scatter plots in Figure 3 compare the estimated total effects for HHP (̂→ Figures S1-S4 ). We also observed concomitance between estimated overall and direct effects (top 310 right plots, Supplementary Figures S1-S4 
